ABSTRACT -In this paper, the effects of operating applied voltage modes on the corona discharge morphology and NO removal characteristics from air stream are experimentally investigated. By applying a DC superimposed high frequency AC voltage, an uniform streamer corona can be generated, which is also less sensitive to electrodes mis-arrangements. Hermstein glow can be transferred to streamer by applying a DC superimposed AC power supply if the peak to peak voltage is larger than 1.OkV at the voltage change rate of 0.2kVIp.s. A significant amount of NO removal is observed under streamer corona. While for Hermstein glow the removal is negligible.
Introduction
Within last ten years, various kinds of corona-induced non-thermal plasmas have been studied in order to remove gaseous pollutants, such as S02, NOx, Hg, H2S and VOCs, from exhaust gases [1, 2] . These non-thermal plasmas are usually dry processes and can be produced by lots kinds of gas discharge. Non-thermal plasmas can be also produced with wet electrodes [3] or on the surface of catalyst [4] . For larger gap (>5cm) electrode arrangements, pulsed streamer corona is often used for producing non-thermal plasma under high pressure [5] . Different kinds of additives, such as NH3, H202, hydrogen carbon (HC), N2H4 and natural gas, are injected to the plasma reactors for improving the energy efficiencies and controlling final by-products.
For lim'iting NH3 slip and improving the energy efficiency during NOx removal with DC streamer corona, a Corona Radical Shower System was proposed by injecting additional gases of NH3, N2, 0 2 , C02, Ar and CH4 from nozzles to the reactor [6, 7] , where positive streamer propagates from nozzles to the plate with a velocity in order of 2X105m/s [SI. Corona modes can be controlled by adjusting the additional gas flow rate, its compositions and * This work is supported in part by NED0 International Joint
Research Grants, Japan. It has been well known that for centimeters gap pointto-plate electrodes in air, the morphology of corona discharge changes from on-set streamer, Hermstein glow, pre-breakdown streamer and spark breakdown as a function of increasing applied voltage [10, 11] . With laser [12, 13] or X-ray [ 131 pulse excitation, streamer corona can be generated from a steady state glow discharge. Discharge patterns can be also controlled by fast gas flow velocity and the type of injection gases from hollow type electrodes [14-161. The performances of pollutant gases removal significantly depend on corona modes. As one of our continuous work on fundamental studies on characteristics of corona modes and NOx removal [16, 17] , this work is also aimed at the fundamental studies on characteristics of corona modes and NO removal with corona radical shower system under DC and DC superimposed AC operations.
Experimental Set-Up
The schematic diagram of the Corona Radical Shower System used in present investigation is shown in Fig.1 , where the pipe with multi-nozzles is used as a active e!ectrode and the plate electrode is used as a grounded electrode. The nozzle in perpendicular to the plate is connected to a 4mm pipe, which is placed at the center of the reactor (125XlOOX500mm). The length, inner and outer diameters of nozzle are 5mm, 1.0" and 1.5mm, respectively [6] . Thus, the gap distance between the nozzle electrode and the grounded plate is 43".
Corona current and the applied voltage waveforms are measured with Pearson current transformer (Model 150) and Iwatsu Voltage Divider (HV-130), respectively. Streamer light emission inbetween electrodes is observed through a quarts fiber of 300 km in diameter and a PMT (Hamamatsu Type R5113). Time averaged corona current is measured with a current meter in series with a 1kQ resistor and in parallel with a lOpf capacitor. Energy and charge transfers during streamer propagation are calculated by integrating streamer power and current, respectively. Time averaged corona current is used to evaluate the time averaged corona power and to calculate the specific energy density, which is defined as the ratio of the average corona power to the total gas flow rate.
The AC power supply is directly coupled to a positive DC power supply with a 700pf capacitor. The AC peaks voltage Vpp and the frequency f range from OSkV (5OkHz) to lOkV (lOkHz), respectively. For limiting the intensity of spark discharge, a 2.2MCn resistor is used between the DC power supply and the reactor.
Glow and streamer coronas can be distinguished by measuring optical emission, corona current and applied voltage waveforms. For streamer corona mode, both the current and applied voltage waveforms show pulsed characteristics and streamers may cross the gap between electrodes. However, for Hermstein glow, light emission is only observed near the tip of the nozzle.
CO2 and N2+(20%)02 may be injected into the reactor through the nozzle electrode in this work. Experiments are carried out with a eight nozzles electrode under one atmospheric pressure and room temperature for gaseous mixtures of N2+02+C02+NOx. Initial NOx concentration is between 50ppm and 100ppm. Fig.2 shows typical time averaged current -voltage characteristics under DC and DC/AC operating modes. Due to slight differences of nozzles geometries and gaseous compounds distribution near the nozzles, the streamer corona DC onset voltage VC and the Hermstein glow voltage Vg are different from one nozzle to another. With increasing the applied voltage, the time averaged current -voltage curve shows a hysteresis under DC operation. Based on corona light emission, voltage and current waveforms, the two separate parts of the curve in Fig.2 correspond to streamer corona and Hermstein glow, respectively. With increasing the applied voltage, onset streamer is transferred to Hermstein glow at the largest on-set voltage Vg. While, with decreasing the applied voltage, Hermstein glow is transferred to streamer at the smallest on-set voltage Vg. With DC/AC superimposed operation, streamer corona can be always produced provided the applied voltage cover the regions of streamer onset. As a result, once streamer is generated, the Hermstein glow does not appear. Corona discharge also becomes less sensitive to electrodes mis-arrangements. In these tests, due to the shorter inter-nozzles separation distance of 20mm, streamers produced from one of the nozzles could irritate the succeeding streamer formation from near nozzles. The hysteresis may be due to the interinfluences between streamers from different nozzles and the thermal effects of the nozzles electrode. NO concentration corresponding to the conditions of Fig.2 is shown in Fig.3 in terms of the corona specific energy density. NO concentration shows very different dependencies on the energy density due to the changes of corona modes. For glow corona mode, the removed NO is Table 1 show the effects of AC peak-peak voltage Vpp on the corona discharge mode, time averaged corona current and NO concentration under a constant DC bias superimposed a 5OkHz AC. With lkV, 2kV and 3kV of Vpp, corresponding to applied voltage between 22.7-25.7kV, 23.2-25.2kV, 23.7-24.7kV, Hermstein glow can be transferred to streamer corona once the AC voltage is applied on the nozzles. However, in these tests, the applied voltage does not cover the streamer onset as indicated in Fig.2 , where the largest on-set voltage Vg is about 21kV. When glow is transferred to streamer, the averaged current is increased from about 85pA to 135pA, and the removed NO is increased from less than 2 ppm to about 40ppm. Based on Morrow's numerical analysis for streamer corona [IS] , if the change rate of the applied voltage is larger than lkV/ps, glow will not appear. However, present experimental results show that even with the change rate of 0.2kV/ps of the AC voltage superimposed on DC flow stabilized corona, glow can be also transferred to streamer if the peaks AC superimposed voltage is larger than 1.OkV as shown in Fig.4 . With DC superimposed voltage pulse power supply, streamer corona can be always generated once the peak voltage is larger than the inception voltage, but its peak streamer current would be reduced if the DC bias becomes larger than the DC corona onset voltage and a DC corona is For present DC superimposed AC operation mode, the DC glow discharge does not show very significant effects on the streamer peak current, but it could greatly affect the streamer repetition rate. In ref.
Results and Discussions
[13], production of streamer corona was also reported from a steady state glow discharge by applying a lOOns duration voltage pulse to a DC applied voltage in a point-to-plate electrode. Here, we must noted that by injecting COz into the reactor through nozzles electrode, a uniform streamer corona could be also produced without producing Hermstein glow under DC operation [ 161. For streamer corona mode, the energy efficiency of NO removal can be only slightly improved with DC/AC superimposed operation for present test conditions as shown in Fig.5 in terms of NO removal rate and corona specific energy density, where COz is injected into reactor through nozzles electrode. This improvement of NO removal is maybe due to limiting ions movement with the superimposed high frequency AC, which is also in agreement with the experiments presented in Fig.3. 
Conclusions
An experimental investigation has been conducted to remove NO from air with DC and superimposed A C D C energized streamer corona and following conclusions are obtained:
(1) During each cycle of DC/AC voltage, the applied voltage may cover all regions of onset streamer and Hermstein glow. As a result, streamer corona could be generated without leading to Hermstein glow. Streamer corona also becomes less sensitive to electrodes misarrangements or variations of gaseous compositions.
(2) In DC glow region, glow can be also transferred to streamer corona provided the AC peaks voltage is larger than I.0kV at the voltage change rate of 0.2kV/ps. (3) For Hermstein glow, the NO removal is negligible, while for streamer corona produced either by DC or DC/AC operation modes, a significant amount of NO removal can be observed.
